Nearly defect-free InN microcrystals grown on Si͑111͒ substrates have been realized by plasma-assisted molecular beam epitaxy. High-resolution transmission electron microscope images reveal that these microcrystals exhibit single-crystalline wurtzite structure. Low temperature photoluminescence ͑PL͒ shows a strong emission peak at 0.679 eV with a very narrow linewidth of 17 meV at excitation power density of 3.4 W / cm 2 . Temperature-dependent PL spectra follow the Varshni equation well, and peak energy blueshifts by ϳ45 meV from 300 to 15 K. Power-densitydependent PL spectroscopy manifests direct near-band-edge transition. A low carrier density of 3 ϫ 10 17 cm −3 has been estimated from PL empirical relation, which is close to the critical carrier density of the Mott transition of 2 ϫ 10 17 cm −3 .
Since the revision of InN energy gap to within the infrared ͑IR͒ region, InN-based devices are expected to be developed as sensors, solar cells, IR light-emitting diodes, IR laser diodes, and high-frequency electronic devices, among others.
1-3 However, the fundamental bandgap of InN is still unclear, presumably due to the difficulty in obtaining highquality InN, which largely impedes its device development. As shown in the thin film case, both absorption edge and photoluminescence ͑PL͒ peak energy decrease with increasing film thickness and improving film quality. 4, 5 Meanwhile, for one-dimensional nanostructures such as nanowires, nanorods, or nanobelts, despite of their improved structural quality, some anomalous phenomena remain in their optical properties. [6] [7] [8] [9] For instance, negligible changes in peak position of bandgap with increasing temperature, low PL intensity, higher PL peak energy or absorption edge, and broadened linewidth were commonly observed. From fundamental point of view, because the InN has small effective mass of 0.033m 0 , high free carrier density, and large electron affinity, its Fermi energy is easily located above the conduction band minimum and forms degenerate semiconductor.
1,10-12 Hence, the variation in the observed emission wavelength or absorption edge may result from multiple origins, including the quantum confinement and surface electron accumulation effects, the Moss-Burstein shift due to high carrier density, and oxygen incorporation.
1,2, 6, 7, [13] [14] [15] [16] In this letter, quasibulk InN microcrystals were prepared for studying intrinsic properties of InN with barely coupling effects. These microcrystals were grown nearly free from defect and strain. Because the InN microcrystals were directly grown on Si substrate without GaN or AlN buffers, no alloys, InGaN or AlInN, could be formed to affect the optical properties. Therefore, the unintentionally doped InN microcrystals show strong PL emission peak at low temperature with a narrow linewidth of 17 meV at 0.679 eV. Temperature-dependent PL spectra follow the Varshni equation well. A very low carrier density of 3 ϫ 10 17 cm −3 was estimated, which is close to the nondegenerate semiconductor region. 17 The growth of InN microcrystals on Si͑111͒ substrates were performed in a plasma-assisted molecular-beam epitaxy ͑PAMBE͒ system. 18 Details of the growth procedure can be found elsewhere. 19 Very low-level impurities, such as H, O, C, etc., were confirmed from an InN thin film grown by the PAMBE using secondary ion mass spectroscopy analysis. 20 These microcrystals were grown near the InN dissociation temperature of 550°C under N-rich condition using only one-step growth without any buffer layer. Well-faceted InN microcrystals grown at 550°C are shown in the fieldemission scanning electron microscope ͑FESEM͒ image ͓Fig. 1͑a͔͒. The diameters of the microcrystals were within a range of 0.1-1 m, depending on the growth conditions. In addition, these microcrystals were distributed on the 2 ϫ 2 cm 2 wafer with the same morphology, as shown in Fig.  1͑a͒ . Figure 1͑b͒ shows a transmission electron microscopy ͑TEM͒ image taken at the interface between one of the InN microcrystals and the Si substrate. Neither dislocation nor stacking faults are observed. Moreover, only small strain fields appeared at the interface indicates that the microcrystals were grown under nearly strain-free conditions. Their corresponding selective area electron diffraction ͑SAED͒ pattern with zone axes of InN in ͗11 គ 00͘ and Si in ͗1 គ 12͘ orientations, shown in Fig. 1͑c͒ , exhibits a growth relationa͒ Author to whom correspondence should be addressed; electronic mail: chenlc@ntu.edu.tw ship of InN͑0001͒ ʈ Si͑111͒ of the microcrystal. However, not all microcrystals showed the same crystallographic orientation because the large lattice mismatch ͑ϳ8%͒ between InN and Si resulted in three-dimensional ͑3D͒ island growth. 19 In Fig. 1͑d͒ , the lattice image reveals the perfection of the microcrystal. Using the interplanar spacing of d ͗111͘ = 0.315 nm of Si͑111͒ substrate as the reference scale, the lattice constant along the c axis is obtained as c = 0.574 nm. 8 The point-to-point spatial resolution of the TEM system is 0.17 nm. Additionally, there is an ultrathin amorphous SiN x layer appeared at the interface due to the reaction of the Si substrate with active nitrogen. Similar result was also observed when the GaN was directly deposited on Si substrate. 21 The formation of SiN x layer further promotes the 3D island growth and results in strain relief of the InN microcrystals on Si substrate.
PL spectroscopy 22 was performed to study the optical transitions of the InN microcrystals. Figure 2͑a͒ shows the varied temperature PL spectra. At room temperature, emission peaks were located at 0.633 and 0.639 eV with narrow linewidths of 58 and 64 meV at excitation power densities of 3.4 and 464.0 W / cm 2 , respectively. This result is remarkable since it could be comparable with high-quality InN film ͑Ͼ4 m͒ with a very low carrier density of 2 ϫ 10 17 cm −3 and with a narrow PL linewidth of 54 meV at a peak energy of 0.626 eV. 5 However, when the growth temperature differed largely from the dissociation temperature or when a low-temperature buffer layer was added, the PL peak became broad and shifted toward higher energy, which could be attributed to higher carrier densities. 23, 24 Therefore, it is believed that the effects of structure disorder and of the increase of dislocation extended from the buffer layer generate more carriers in the microcrystals and thin films.
As measurement temperature decreased to 15 K, the PL peak was blueshifted to 0.679 and 0.682 eV with linewidths of 17 and 26 meV at excitation power densities of 3.4 and 464.0 W / cm 2 , respectively. The other peak at 0.610 eV appeared at the shoulder of the low-energy side, which has been investigated and identified as I NBE and I da transitions, respectively. 25, 26 I NBE is the near-band-edge transition. I da transition is attributed to the recombination of degenerate electrons with the holes trapped by deep acceptors, which can be recognized from I NBE band when the free carrier concentration is in a rather low-density region of 10 17 cm −3 .
25,26
Furthermore, according to the empirical relation between a full width at half maximum of PL emission at low temperature and carrier concentration, 23 the carrier concentration of InN microcrystals is nearly 3 ϫ 10 17 cm −3 , which is very close to the critical carrier density of the Mott transition of 2 ϫ 10 17 cm −3 . 17 With increasing temperature, the peak energy of the I NBE transition shows redshift and finally merges with the I da transition. This phenomenon is caused by the effect of thermal ionization of electrons and holes in donor and acceptor states, respectively, which results only one broader emission. Figure 2͑b͒ , the plot of PL peak energy versus temperature, shows a result of temperature-induced bandgap shrinkage and is well fitted by the Varshni empirical formula, E͑T͒ = E͑0͒ − ␣T 2 / ͑T + ␤͒, wherein T is the temperature, E͑0͒ is the peak energy at 0 K, ␣ is influenced by the thermal expansion and electron-phonon interaction of the fundamental band gap, and ␤ is physically associated with the Debye temperature of the crystal. The fitting parameters are E͑0͒ = 685.1 meV, ␣ = 0.46 meV/ K, and ␤ = 640.3 K. These fitting parameters are reasonably consistent with the low carrier density ͑mid-10 17 cm −3 ͒ InN thin film. 24 Furthermore, the measured PL peak energy blueshifts by ϳ45 meV with decreasing temperature from 300 to 15 K, and the peak energy 
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at 15 K is close to the calculated bandgap limit of zero temperature and zero concentration in the range of 0.665-0.670 eV. 25 Figure 2͑c͒ shows the Arrhenius plot of integrated PL intensities. The thermal activation energies can be determined by the equation,
where E a1 and E a2 are the thermal activation energies at high-and low-temperature regions, respectively, I 0 is the intensity at low temperature, and the coefficients A and B measure the strengths of both quenching processes. The fitting results of the thermal activation energies is E a1 = 51.4± 5.3 meV in higher temperature range and is E a2 = 9.2± 0.4 meV in lower temperature range. The high thermal activation energy in high temperature range indicates high efficiency of luminescence because of low trapping centers in the microcrystals. The value of E a2 is close to the localization energy originates from the potential fluctuations of randomly located ionized impurities. 27 These results imply InN microcrystals exhibit low-density localized states from band tail states. Figure 3 shows spectra of normalized PL intensities with different excitation power densities measured at 15 K. With increasing the excitation power density from 3.4 to 464.0 W / cm 2 , the PL peak and linewidth varied from 0.679 to 0.682 eV and 17 to26 meV, respectively, indicating a prominent band filling effect caused by the induced photocarriers. 28 Furthermore, the logarithmic plot of the integrated PL intensity versus excitation power density yields a slope of 1 at both temperatures of 15 and 300 K ͓Inset of Fig. 3͔ , which are consistent with the band-to-band transition in direct bandgap semiconductor. 29 In conclusion, we have clearly demonstrated strong and narrow PL emission in IR region from nearly defect-free InN microcrystals. All the PL results show nondegenerate semiconductor behaviors, such as prominent blue shift of bandgap with decreasing temperature and sharp IR PL peak with a very narrow PL linewidth, because of its extremely low intrinsic carrier density and high crystalline quality. The massively reduced number of defects, including dislocations, stacking faults, grain boundaries, and impurities in microcrystals is an important feature for succeeding p-type InN, hence, making future optoelectronic devices possible. 
